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Myotonic dystrophy protein kinase
Actomyosin cytoskeleton
Myogenesis
Alternative splicingDMPK, the product of the mutated gene in myotonic dystrophy type 1, belongs to the subfamily of Rho-
associated serine–threonine protein kinases, whosemembers play a role in actin-based cell morphodynamics.
Not much is known about the physiological role of differentially localized individual DMPK splice isoforms.
We report here that prominent stellar-shaped stress ﬁbers are formed during early and late steps of
differentiation in DMPK-deﬁcient myoblast–myotubes upon complementation with the short cytosolic DMPK
E isoform. Expression of DMPK E led to an increased phosphorylation status of MLC2.We found no such effects
with vectors that encode a mutant DMPK E which was rendered enzymatically inactive or any of the long C-
terminally anchored DMPK isoforms. Presence of stellar structures appears associated with changes in cell
shape and motility and a delay in myogenesis. Our data strongly suggest that cytosolic DMPK participates in
remodeling of the actomyosin cytoskeleton in developing skeletal muscle cells.y (code 283), Nijmegen Centre
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Myotonic dystrophy protein kinases (DMPKs) were discovered
almost two decades ago as different alternative products of the gene
altered by a non-coding (CTG)n-repeat expansion in patients with
myotonic dystrophy type 1 [1]. Expanded DMPK transcripts carrying
long (CUG)n repeats are thought to cause the disease via a so-called
RNA dominance mechanism [2]. Although DMPK isoforms belong to
the important AGC group of serine–threonine protein kinases, towhich also MRCKα/β/γ, ROCK-I/-II and citron kinase belong [3,4], the
biological signiﬁcance of these proteins has received little attention
until now, as protein products of the affected gene seem to have no
direct role in disease pathogenesis.
Six major DMPK isoforms arise by alternative splicing, the most
important distinction being the nature of the C-terminus [5]. DMPK
isoformswith long C-termini (DMPKA toD) anchor intomembranes of
the endoplasmic reticulumormitochondria,whereas isoformswithout
a C-terminal extension (DMPK E or F) adopt a cytosolic localization
[6,7] (Fig. 1A). DMPK splice forms show a tissue-speciﬁc expression in
brain and all types of smooth, cardiac and skeletal muscle [8].
DMPK's closest relatives ROCK, MRCK and citron kinase control
behavior of the actin-myosin based cytoskeleton [9–11]. Actomyosin
rearrangement plays a pivotal role in cell morphodynamic behavior,
including motility, cytokinesis, phagocytosis and probably intracellular
transport processes [12]. Reorganization of the cytoskeleton is also
required during skeletal muscle myogenesis, when myoblasts go
through sequential steps of recognition, adhesion and ﬁnally fusion to
myotubes. Formation of multinucleated myotubes begins with fusion
between individual mononucleated myoblasts and is followed by
myotube–myotube and myoblast–myotube fusion to form the muscle
ﬁbers that make up the skeletal muscle [13]. Different types of myosins
play an important role in this development [14], whereby non-muscle
myosin (NM) IIA and IIB are essential formyoblast alignment and fusion
[15]. Other structural changes that occur later duringmyogenesis reﬂect
Fig. 1. Cytosolic DMPK expression induces formation of stellar actin stress ﬁbers. (A) Overview of the structural organization of DMPK isoforms – fused to YFP – used in this study ([5–
7] drawn to scale). Alternative splicing deﬁnes the C-terminal tail, the nature of which determines the intracellular localization of the proteins. An enzymatically inactive DMPK E
mutant was generated by mutating the codon for a crucial lysine in the active site into an alanine codon. (B) DMPK KO myoblasts were transduced with adenoviruses that express
single DMPK isoforms as YFP fusion proteins. YFP signal shows localization of YFP-DMPK isoforms. Staining with phalloidin–Texas Red allowed visualization of the actin
cytoskeleton. Cytosolic DMPK Ewas responsible for the introduction of prominent stellar actin stress ﬁbers (red), which were virtually never seen after expression of DMPK A or C, or
a E kinase dead version (E kd). Scale bar, 10 μm. (C) Quantiﬁcation of the occurrence of stellar stress ﬁbers upon expression of DMPK isoforms (n=2, 50 cells counted per isoform).
(D) Size, number and appearance of stellar ﬁbers varied strongly between cells. Typical examples of one single stellar ﬁber (left), a series of semi-interconnected stellar ﬁbers
(middle) and a horseshoe-like arrangement (right panel) are shown (see also Fig. 3). Scale bar, 10 μm. (E) Fiber ultrastructure was analyzed by electronmicroscopy. DMPK E-induced
stellar actin ﬁbers displayed as large structures with a very dense core fromwhich bundles of ﬁbers radiate. Top panel: a stellar actin stress ﬁber is shown located next to the nucleus;
scale bar, 5 μm. Bottom panel: high magniﬁcation of part of a stellar actin stress ﬁber; scale bar, 1 μm. S=stellar stress ﬁber core, N=nucleus.
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sarcomeric phenotype of the myotubes. The entire transition process is
dependent on the location and plane-of-division orientation of
subsarcolemmal satellite cells, the ordered temporal expression of
speciﬁc proteins [16], and interactions between these proteins to form
the distinct cytoarchitectural arrangement of the skeletal muscle cell.
Earlier studies by our group and others have revealed that DMPK
gene products collectively are not essential for muscle development in
vivo [17,18]. Here, we focused on individual DMPK isoforms andanalyzed a potential role for DMPK in actomyosin remodeling during
early and late steps of myogenesis using an in vitromyoblast–myotube
cell model derived from DMPK knockout (KO) mice. We found that
expression of the cytosolic DMPK E isoform in DMPK−/− myoblasts
resulted in the initiation of stress ﬁbers with a dense structure and
multiradial, stellar-like appearance. Presence of these conspicuous
actomyosin structures was associated with a signiﬁcant change in
myoblast polarity and migration and a delay in the progression of
myogenesis, not seen after expression of membrane-bound DMPK
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underscore the need for tight regulation of cytosolic DMPK variants
during different phases of muscle development.
2. Materials and methods
2.1. Cell culture
Conditionally immortalized myoblasts were derived from the calf
muscle complex of wild type (WT) and DMPK KO mice [17] harboring
the H-2Kb-tsA58 allele as described [19]. Myoblasts were cultured in
0.1% (w/v) gelatin-coated dishes in proliferation medium containing
DMEM (Gibco, Gaithersburg, MD) supplemented with 20% (v/v) fetal
calf serum, 50 μg/ml gentamycin, 20 units of γ-interferon/ml (BD
Biosciences, San Jose, CA) and 2% (v/v) chicken embryo extract (Sera
Laboratories International, Bolney, UK) at 5% CO2 and 33 °C. Differen-
tiation to myotubes was induced by placing myoblasts, grown to
conﬂuency on Matrigel (BD Biosciences), in differentiation medium
containing DMEM supplemented with 5% (v/v) heat-inactivated horse
serum and 50 μg/ml gentamycin at 5% CO2 and 37 °C. These conditions
were maintained for a maximum of 7 days. Spontaneous contraction of
myotubes, indicative of proper development of the excitation–contrac-
tion apparatus, appeared after 2 days of differentiation.
2.2. Adenoviral vectors and transduction
Adenoviral vectors expressing YFP-mouse DMPK isoforms A, C and
E were described previously [7]. Recombinant adenoviral constructs
expressing YFP-mouse DMPK E kinase dead (kd), bearing a YFP-DMPK
E cDNA insert encoding DMPK E with a Lys100Ala mutation which
renders the enzyme inactive, were generated as described [6].
Comparison between effects of catalytically active DMPK E and
inactive E kd as control enabled us to discriminate between a
structural and catalytic function of the protein. Viral vector particles
were generated in N52.E6 packaging cells [20], puriﬁed using CsCl
gradient puriﬁcation and stored at −80 °C. Viral titer and plaque
forming units were determined [21].
Adenoviral transduction was performed in serum-free DMEM
without glucose (Gibco) for 3–4 hours at 5% CO2 and 33 °C, using a
multiplicity of infection of 100. Transductionwas done in proliferating
myoblasts at 40% conﬂuency or, for differentiation experiments, in
conﬂuent myoblast cultures on Matrigel-coated dishes. Transduction
medium was changed after 4 hours to proliferation medium or, in
fusion experiments, to differentiation medium.
2.3. Antibodies
Antibodies against the following proteins were used: α-actinin
(Sigma-Aldrich, Zwijndrecht, NL; A2543), coﬁlin (rabbit 1439) and P-
coﬁlin (rabbit 4317) (kindly provided by Dr. James R. Bamburg,
Colorado State University, Fort Collins, CO) [22], CK [23], DMPK
(antibody B79 [5]), MyoD (Santa Cruz Biotechnology, Santa Cruz, CA;
clone M-318), NM-MHC IIA (BTI, Stoughton, MA; BT-567), NM-MHC
IIB (Sigma-Aldrich; M7939), pyruvate kinase (Rockland, Gilbertsville,
PA), α-tubulin (Sigma-Aldrich; clone B-5-1-2), β-tubulin (Develop-
mental studies Hybridoma Bank, University of Iowa; mAb E7),
vinculin (Sigma-Aldrich; V-9131).
Two MLC2 antibodies were generated as follows: cDNAs of mouse
myosin regulatory light chain 2 (NCBI Reference Sequence:
NM_023402) and myosin regulatory light chain 2a (NCBI Reference
Sequence: NM_022879) were obtained by RT-PCR using RNA isolated
from mouse brain and heart tissue, respectively. Sequence identity of
both clones was veriﬁed by sequencing and ORFs were subcloned in
pGEX-2T-3. GST-MLC2 and GST-MLC2a fusion proteins were
expressed in Escherichia coli BL21(DE3)pLysS, puriﬁed using glutathi-
one agarose beads and used to immunize New Zealand White rabbitsusing standard procedures. MLC2 antiserum (antibody K19) diluted
1:5000 was used in Western blotting to analyze MLC2 phosphoryla-
tion status. MLC2a antiserum (antibody K2) diluted 1:10,000 was
used in Western blotting to detect a myotube-speciﬁc MLC2 isoform
during myoblast differentiation.2.4. Cell lysis
For conventional Western blotting, cells were lysed directly in 2×
SDS sample buffer (200 mM Tris–HCl, pH 6.8, 400 mM DTT, 8% (w/v)
SDS, 4% (w/v) bromophenol blue and 40% (v/v) glycerol). For urea-
glycerol PAGE, cells were lysed and scraped in 10% (w/v) TCA/10 mM
DTT/acetone at−80 °C [24]. Extracts were centrifuged for 20 minutes,
13,000 rpm at 4 °C and subsequently brought to room temperature.
Pellets were washed once with excess acetone containing 10 mM DTT
at room temperature to remove TCA. Pellets were air dried and
solubilized in urea sample buffer (125 mM Tris–HCl, pH 6.8, 5% (v/v)
β-mercaptoethanol, 8 M urea, 4% (w/v) bromophenol blue) using a
glass–glass dounce homogenizer. To analyze TCA/acetone samples on
SDS-PAGE gels, urea lysates were mixed with 5× SDS sample buffer to
a ﬁnal concentration of 2× SDS sample buffer and left at room
temperature for 2 hours before loading.2.5. SDS or urea-glycerol polyacrylamide gel electrophoresis and
Western blotting
Proteins in cell lysates were resolved on 8–15% (w/v) SDS-PAGE
gels and electrotransferred to PVDF membrane (Amersham GE
Healthcare, Diegem, Belgium). Blots were blocked for 2 hours or
overnight for MLC2 detection in TBST (10 mM Tris–HCl pH 7.5,
150 mM NaCl, 0.05% (w/v) Tween 20) containing 5% (w/v) milk
powder and then incubated overnight with primary antibody in the
same buffer. After washing in TBST, blots were incubated with
peroxidase-conjugated secondary antibody (Pierce), washed in TBST
and TBS and developed using a chemoluminescence reagent and
exposed to X-ray ﬁlm (Kodak, X-OMAT AR).
Separation of MHC isoforms was performed as described [25]. In
short, cell lysates prepared in 2× SDS sample buffer were analyzed on a
stacking gel composed of 4% (w/v) acrylamide/bisacrylamide (37.5:1),
30% (v/v) glycerol, 70 mMTris pH6.7 and0.4%(w/v) SDS. The separating
gel was composed of 8% (w/v) acrylamide/bisacrylamide (37.5:1), 30%
(v/v) glycerol, 0.1 M glycine, 0.2 M Tris pH 8.8 and 0.4% (w/v) SDS. The
upper running buffer consisted of 0.1 M Tris base, 150 mM glycine and
0.1% (w/v) SDS. The lower running buffer consisted of 50 mM Tris base,
75 mM glycine and 0.05% (w/v) SDS. Running buffers were precooled
and electrophoresis was performed at 70 V for 24 hours at 4 °C. The gel
was stained with Coomassie Brilliant Blue (CBB).
Urea-glycerol PAGE was performed essentially as described [24].
Brieﬂy, cell lysates isolated via the TCA-acetone method (see above)
were loaded on a urea-glycerol PAGE gel composed of a separating gel of
16% (w/v) acrylamide/bisacrylamide (37.5:1), 40% (v/v) glycerol and
380mM Tris–HCl, pH 8.8, and a stacking gel composed of 5.5% (w/v)
acrylamide/bisacrylamide (37.5:1), 40% (v/v) glycerol and 125 mM
Tris–HCl pH 6.8. Electrophoresis was performed in running buffer
(25 mM Tris, 192 mM glycine, 1 mMDTT) for 15 hours at 5 mA at room
temperature. Gels were blotted to PVDFmembrane during 3–4 hours at
300 mA in ice-cold blotting buffer (48 mM Tris base, 39 mM glycine,
0.037% (w/v) SDS and 20% (v/v) methanol). Blots were washed and
blocked asdescribedabove.DetectionwasperformedwithantibodyK19
against MLC2 and with a ﬂuorescent conjugated secondary antibody,
enabling quantiﬁable data acquisition on the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE). For each lane, the sum of the
threeMLC2 signalswas set to 100%, afterwhich the relative contribution
of each form (non-, mono-, or diphosphorylated) was calculated.
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Twenty-four hours after adenoviral transduction, DMPK KO
myoblasts were ﬁxed in 2% (w/v) formaldehyde in PBS for 30 minutes
and then processed for immunoﬂuorescence according to standard
methods. Samples were incubated with antibodies listed above or, to
stain F-actin, for 30 minutes in PBS containing 0.05% (w/v) Tween 20
and Texas Red-conjugated phalloidin (Molecular Probes, Invitrogen).
DAPI (0.6 μg/ml) was included in the mounting medium to stain
nuclei. Images were collected by confocal laser scanning microscopy
(MRC 1024, Bio-Rad or Olympus FV1000). To quantify occurrence of
stellar actin stress ﬁbers, images were made under identical exposure
settings and analyzed using uniform threshold settings.
Conﬂuent DMPK KO myoblast cultures were transduced with
adenoviruses expressing DMPK C or E and differentiation was induced
under low serum conditions. After 1, 2 and 3 days of differentiation
cells were ﬁxed in 2% (w/v) formaldehyde in PBS and stained for NM-
MHC-IIA, F-actin and DNA (DAPI). Fusion index was quantiﬁed by
confocal laser scanning microscopy (Olympus FV1000). The number
of nuclei per cell was scored for around 50 cells per treatment by an
examiner blinded to sample identity. Myosacs were excluded from
this analysis. Myosacs – with or without F-actin aggregates – were
counted by visual inspection of a total area of one 14-mm coverslip.
2.7. Imaging myogenic differentiation
Conﬂuent DMPK KO myoblast cultures that were transduced with
adenoviruses expressing DMPK C, E or E kdwere cultured for 7 days in
low serum medium at 37 °C. Every 12 hours, images were taken of
marked positions within the culture to follow the process of myogenic
differentiation. Images were collected by light microscopy using an
inverse microscope (DM-IL, Leica, Heidelberg, Germany) coupled to a
CCD camera (STC-405, Sentech, Texas, USA). Images were taken from
three independent dishes, at two marked positions per treatment.
2.8. Time-lapse microscopy
Four hours after transductionwith adenovirus, time-lapse imaging
of myoblasts was performed for 24 hours in a Microscope Stage
Incubator (Okolab, Ottaviano, Italy) on a Nikon DiaPhot microscope
equipped with a Hamamatsu C8484-05G digital camera [26]. Images
were taken every 10 minutes using TimeLapse Software (version 2.7;
Okolab) with a 10× objective. Movies were made from image
sequences using Adobe Premiere Software (version Pro 2.0). Cell
shape and motility were analyzed using Metamorph 6.2 software
(Universal Imaging Corporation, Downington, PA). Morphodynamic
change was deﬁned as the major/minor cell diameter ratio at the end
(T=24) divided by the major/minor cell diameter ratio at the
beginning of the measurement (T=0). Single cell motility was
measured as the total track distance per cell taken the nucleus as
reference [26]. For each DMPK isoform, ten to thirty individual
myoblasts of two to four independent experiments were analyzed.
2.9. Electron microscopy
EM samples were taken of adenovirus-transduced proliferating or
conﬂuent DMPK KO myoblasts after 24 hours or 7 days under low
serum conditions, respectively. Samples were brieﬂy rinsed in PBS
and ﬁxed by immersion in 2% (v/v) glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4, for 1 hour. After ﬁxation, samples were
rinsed twice in cacodylate buffer. Post-ﬁxation was carried out in the
same buffer supplemented with 1% (w/v) osmium tetroxide at room
temperature for 1–2 hours. After extensive rinsing, dehydration was
performed in an ascending series of aqueous ethanol solutions and
samples were embedded in Epon 812. Sections were cut (60–80 nm),double contrasted with uranyl acetate and lead citrate and examined
in a JEOL TEM 1010.
2.10. Statistics
Data are expressed as mean±sem. Between-group comparison
was performed by a two-tailed unpaired Student's t-test, except for
Fig. 5C, for which a Chi-squared test was used. To compare the average
number of nuclei per myotube a Mann–Whitney test was used
(Fig. 5). Differences between groups were considered signiﬁcant
when Pb0.05. *Pb0.05; **Pb0.01; ***Pb0.001. Statistical analyses
were performed with GraphPad Prism 4 software. The number of
replicates and the number of cells counted per experiment are given
in the ﬁgure legends.
3. Results
3.1. Myoblasts form prominent stellar stress ﬁbers upon cytosolic DMPK
expression
DMPK proteins are endogenously expressed in skeletal muscle and
culturedmyoblasts andmyotubes,where they occur as a heterogeneous
population of splice isoforms (Fig. S1 and [8]). To analyze the role of
individual splice isoforms during early myogenesis, we used an in vitro
transduction-complementation approachwith single DMPKs in immor-
talized myoblasts with a DMPK-deﬁcient background, originating from
the gastrocnemius–plantaris–soleus complex of DMPK KOmice [17]. By
switching to low-serum conditions, these myoblasts can be induced to
enter the myogenic program [8] and associated morphodynamic
changes can be recorded by microscopic monitoring.
DMPK KOmyoblasts were transducedwith adenoviruses encoding
single mouse DMPK isoforms as YFP fusion proteins (see a schematic
representation of DMPK isoforms used in this study in Fig. 1A). The
intracellular distribution for each individual DMPK isoform was as
anticipated based on earlier studies (Fig. 1B, summarized in Fig. 1A:
DMPK A, endoplasmic reticulum; DMPK C, mitochondria; DMPK E,
cytosol; note that isoforms originating from the mouse DMPK gene
were used, as human DMPK A anchors to mitochondria) [6,7].
Phalloidin staining of F-actin revealed that myoblasts expressing
isoforms DMPK A or C displayed a regular pattern of parallel actin
stress ﬁbers, both in the center and periphery of the cell (Fig. 1B). In
contrast, DMPK E-expressing myoblasts exhibited prominent, stellar-
shaped stress ﬁbers [27] along with normal parallel stress ﬁbers.
Stellar-like F-actin structures were absent or only rarely seen in DMPK
A or C-expressing cells (Fig. 1C). Formation of stellar-shaped stress
ﬁbers was critically dependent on enzymatic activity of DMPK E, since
myoblasts transduced with adenoviruses expressing an inactive
kinase dead mutant (DMPK E kd; Fig. 1A) did not express such
structures (Fig. 1B–C). The DMPK E kd control vector was generated
bymutating the codon for the invariant lysine involved in ATP binding
into an alanine codon [6].
Light microscopy analysis revealed that stellar ﬁbers are star-like
structures with an intensely stained core and both short and long
actin-rich protrusions. The number and appearance of these struc-
tures varied highly between cells and they were present in the cell
center as well as in the periphery (Fig. 1D, see also Fig. 3).
Ultrastructural analysis using electron microscopy conﬁrmed that
stellar ﬁbers are large structures with a protein-dense core from
which thick bundles of ﬁbers radiate (Fig. 1E).
3.2. DMPK E expression alters myosin II localization and phosphorylation
Myosin II is an important component of stress ﬁbers [28,29]. We
wondered whether myosin II was also present in the stellar ﬁbers
induced by DMPK E and whether the fate of cellular myosin II was
altered in presence of these structures. Immunoﬂuorescence
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MHCs) IIA and IIB were located in the core and in the radiating
bundles of DMPK-E-induced stellar stress ﬁbers (Fig. 2A). Remarkably,
three other well-known actin-binding proteins, vinculin [30], α-
actinin [31] and coﬁlin [32] showed no obvious colocalizationwith the
protein-dense core of the stellar structures (Fig. 3). As expected,
vinculin and α-actinin (although less prominent) did localize along
normal stress ﬁbers and concentrated at focal adhesions, where these
stress ﬁbers associate with the cell membrane. Only occasionally α-
actinin accumulated around the core of stellar structures in a fraction
of cells (Fig. 3). Coﬁlin localized throughout the cell, with no obvious
association to stress ﬁbers at all. We noted that in some cells YFP-
DMPK E protein appeared concentrated along stress ﬁbers, but YFP
signal was never seen in the stellar core. Perhaps this particular
staining is often obscured by the strong overall cytosolic staining, as
most of our other experimental evidence indicates that the E isoform
is truly located free in the cytosol (Figs. 1–3). No obvious relationship
of the location of stellar stress ﬁbers with the tubulin cytoskeleton
was observed (Fig. 3).
Myosin II activity is regulated by phosphorylation of its regulatory
light chain (MLC2), mainly at positions Thr18 and Ser19 [30,33]. We
investigated whether DMPK E expression would modify the extent of
MLC2 phosphorylation. Urea-glycerol polyacrylamide gel electropho-
resis in combination with Western blot analysis was used to
discriminate between non-phosphorylated MLC2, monophosphoryla-
tion at position Ser19 (1P-MLC2) and diphosphorylation at positions
Thr18 and Ser19 (2P-MLC2) [24]. Fig. 2B shows that the degree of
diphosphorylation was strongly increased in cells expressing DMPK E,
but thatMLC2 phosphorylationwas unaltered in cells expressing DMPK
C, the E kd variant or GFP control protein. The diphosphorylated state ofFig. 2. Myosin II localization and phosphorylation upon DMPK E expression. (A) DM
Immunoﬂuorescence microscopy revealed that NM-MHC IIA and IIB (orange) colocalized wit
cells. Scale bar, 10 μm. (B) Urea-glycerol PAGE analysis was done to examine MLC2 phosphor
of a representative experiment is shown. 0: Non-phosphorylated MLC2; -1: 1P-MLC2; -2: 2P
phosphorylated MLC2 and 2P-MLC2.MLC2has been correlatedwith stressﬁber formation before [27] andwe
therefore assume that also in our DMPK KOmyoblasts the high amount
of 2P-MLC2 reﬂects abundant formation of stellar ﬁbers.
3.3. DMPK E expression affects myoblast polarity and motility
Stress ﬁbers constitute a distinct category of actomyosin structures
and are contractile bundles essential for cell morphology, speciﬁcally
for the retraction of the trailing edge during migration. To examine
whether DMPK E-induced changes in actomyosin-based structures also
affect cell morphodynamic behavior we followed proliferating KO
myoblasts complemented with DMPK C, E or E kd for a period of
24 hours by time-lapse imaging (see stills in Fig. 4A and Videos in
Supplementary Data). Only DMPK E, not DMPK C or the inactive variant
E kd, led to a morphodynamic change. An altered cell form, with a shift
in the major/minor axis length ratio, was observed when cells before
and after onset of DMPK E expression were compared (Fig. 4B). The
same recordings were also used to calculate motility – deﬁned as the
total migrated distance during the 24-hour period – which revealed
that myoblasts expressing DMPK E migrated over a signiﬁcantly
shorter distance than cells containing DMPK C or E kd (Fig. 4C). Taken
together, our data indicate that DMPK activity affects cell morphody-
namics via effects on the remodeling behavior of the actomyosin
cytoskeleton.
3.4. High cytosolic DMPK expression perturbs and delays myogenesis
Speciﬁc changes in cell morphology and the actin cytoskeleton are
requiredduringmyoblast alignment and fusion in theprocess of skeletal
myogenesis [14,15].Wewonderedwhether complementation of DMPKPK KO myoblasts were transduced with adenoviruses that express YFP-DMPK E.
h stellar stress ﬁbers, including the dense core (red) in YFP-DMPK E (green)-expressing
ylation in GFP (control) or YFP-DMPK C, E or E kd-expressing myoblasts. MLC2 staining
-MLC2. The graph summarizes results of four experiments. Asterisks refer to both non-
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effects on myotube formation in vitro. We adopted a protocol whereby
fully conﬂuent DMPK KO myoblast cultures were transduced with
adenoviruses encoding YFP-DMPK proteins and subsequently placed in
low serummedium to inducemyogenic differentiation. Next, the fusion
process was monitored by phase-contrast microscopy. Myoblasts
expressing DMPK C or E kd differentiated into long, thin, well-aligned
myotubes (Fig. 5A; data not shown). In contrast, myotubes expressing
DMPK E were shorter, thicker, often branched and poorly aligned.
Ultrastructural analysis demonstrated that DMPK E expression resulted
in immature, disorganized sarcomeres, whereas DMPK C-expressing
myotubes contained properly organized sarcomereswith an alternating
pattern of thick and thin bands (Fig. 5B). Western blot analysis showed
that expression levels of both isoforms were similar in 7-day-old
transducedmyotubes (Figs. 6A and S2). Furthermore, direct comparison
to the level of endogenous DMPK expression (mainly long isoforms [8])
in 7-day-old WT myotubes showed that DMPK proteins were only
moderately, i.e., 3- to 5-fold, overexpressed in transduced KOmyotubes
(Fig. S2). In our view, this is strong evidence that effects observed are
truly isoform-speciﬁc and not simply attributable to secondary effects of
differences in relative overexpression of DMPK E versus C.Fig. 3. Subcellular localization of cytoarchitectural proteins in relation to stellar actin st
immunoﬂuorescence. To investigate a potential relationship with stellar stress ﬁbers, subcellu
speciﬁc antibodies. F-actin was stained with Texas Red-conjugated phalloidin. Scale bars, 1Abnormal myotube formation in the presence of DMPK E was
already apparent during the ﬁrst days of differentiation. Themyogenic
fusion index (deﬁned here as the number of nuclei residing in
myotubes containing at least three nuclei divided by the total number
of nuclei counted in 50 cells) for cells with 24-h DMPK E-expression
was somewhat lower than that of cells with DMPK C (0.85 vs. 0.91).
After 48 hours, myogenic fusion indices were equal: 0.97 vs. 0.98.
More importantly, the pattern of number of nuclei per myotube was
signiﬁcantly different (Fig. 5C; Pb0.001) and the average number of
nuclei per myotube (containing at least three nuclei) was lower in
DMPK E cultures than in DMPK C cultures (4.4±0.6 vs. 5.7±0.7
nuclei/myotube after 24 hours (P=0.07) and 7.8±1.1 vs. 13.4±1.6
nuclei/myotube after 48 hours (Pb0.05).
Structural changes in myotube morphology were also reﬂected in
expressionofmyogenicmarker proteins. Expressionof adifferentiation-
speciﬁc MLC2 isoform was delayed and reduced from the start of
differentiation inDMPKE-expressing cells, compared to cells expressing
DMPK C or mock-transduced cells (Fig. 6A). This corroborates that
DMPK E affects early steps inmyogenesis. Expression of creatine kinase
(CK), a protein that appears after developing myotubes switch CK-
isoenzyme expression from brain-type CK (BCK) to muscle-type CKructures. DMPK KO myoblasts expressing YFP-DMPK E (green) were processed for
lar localization ofα-actinin, P-/coﬁlin, vinculin, andα/β-tubulin was investigated using
0 μm.
Fig. 4. Myoblasts expressing DMPK E display altered cell morphology and motility. (A) DMPK KO myoblasts were transduced with adenoviruses which express single YFP-DMPK
isoforms and subsequently imaged for 24 hours. Phase contrast recordings of DMPK C, E or E kd-expressing myoblasts at start (T=0) and end (T=24) of the experiment. Scale bar,
50 μm. Images were used to determine the cell morphodynamic change (B; deﬁned as the major/minor cell diameter ratio at the end (T=24) divided by the major/minor cell
diameter ratio at the beginning of the measurement (T=0)) and (C) total migrated distance during the recording period. For each DMPK isoform, ten individual myoblasts of two to
four independent experiments were analyzed.
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DMPK E-transduced myotubes (Fig. 6B). MyoD, a protein expressed
during early differentiation but absent in proliferating myoblasts
[35,36], remained virtually absent in myotubes, even in 7-day-old
DMPK E cultures, whereas the ﬁrst MyoD signal in DMPK C-expressing
myotubes was detected already after 3 days of differentiation (Fig. 6C).
Finally, sarcomeric MHC isoforms [25,37,38] were more prominently
expressed in DMPK C-expressing cultures than in DMPK E-expressing
cells (Fig. 6C). Next to that, the composition of the isoform population
differed between DMPK C- and DMPK E-expressing cultures.
3.5. DMPK E induces formation of myosacs with large actin aggregates
We often observed enlarged, deformed, multinucleated cells in
myogenic cultures that expressed DMPK E (Fig. 7). These so-called
myosacs have previously been associated with impaired sarcomere
formation [39]. We stained differentiating myotube cultures for F-
actin and NM-MHC IIA to investigate whether myosac formation
would relate to DMPK E effects on the actin cytoskeleton. At day 1 of
differentiation, myosacs with still normal stress ﬁber-like structures
started to appear (Fig. 7A). When differentiation proceeded, myosacs
of increased size became visible. These cells contained large actin
aggregates, which co-stained for NM-MHC IIA and were reminiscent
of the dense stellar stress ﬁbers seen in non-differentiated myoblasts
(Fig. 7A). Quantiﬁcation showed that the number of myosacs with
large actomyosin aggregates increased over time in DMPK E-
expressing cultures only (Fig. 7B).
4. Discussion
Using DMPK-deﬁcient myoblasts as host for single DMPK protein
isoforms, we identiﬁed a cytoskeleton-modifying activity for DMPK E,
with clear effects on cellular F-actin structures and MLC2 phosphory-
lation. Given the prominent sequence homology in the kinase domain
and the size of the protein, cytosolic DMPK E (~60 kDa) may beconsidered a C-terminally truncated version of ROCK, MRCK, or citron
kinase [40,41]. The latter proteins are large (N160 kDa), multi-domain
relatives, each with a known role in actomyosin remodeling [9–11].
DMPK proteins are among the least-studied members of the ROCK
subgroup in the large family of serine–threonine protein kinases.
What distinguishes DMPK E's effects on the actin cytoskeleton and
what could be the biological signiﬁcance of this activity? Unlike
MRCK, ROCK or citron kinase, the DMPK gene is an evolutionary
“young” gene and only present in the mammalian genome (Wansink
et al., data not shown). The DMPK gene is expressed early in muscle
development [17], but alternative splicing down-regulates DMPK E
expression during differentiation of myoblasts to myotubes [8]. In
contrast, membrane-anchored DMPK splice isoforms remain equally
abundant in myoblasts and myotubes, indicating that their function
does not require developmental regulation. Other ROCK relatives also
appear as anchored proteins, localized to deﬁned areas of the cellular
infrastructure. Given these considerations, it is tempting to speculate
that cytosolic DMPK E participates in aspects of cell morphodynamics
that cannot be carried out by other ROCK family members and/or are
carried out by other non-related cytosolic kinases in non-mammalian
species. Alternatively, DMPK E could have an as yet unknown, highly
specialized task in actomyosin remodeling and muscle cell matura-
tion, a task that is unique for mammalian development.
DMPK E kinase activity – and not the structural presence of the
protein per se – appeared to be a crucial determinant of stellar stress
ﬁber formation, asDMPKEkdexpressiondid not induce these actin-rich
structures. Furthermore, subcellular membrane anchoring seems to
restrain stellar stress ﬁber formation as DMPK A and C expression did
not promote their production. Freediffusionof cytosolicDMPKEprotein
enables phosphorylation of speciﬁc substrates,which cannot be reached
otherwise. Structure of the kinase may also be a determining factor, as
biochemical experiments using puriﬁed compounds revealed that some
proteins are preferentially phosphorylated by the truncated DMPK
variants, likeDMPKE, but are unfavorable substrates for isoformswith a
long C-terminal membrane domain [6]. All points considered, we
Fig. 5. DMPK E expression deregulates myogenic differentiation. (A) Conﬂuent cultures of DMPK KOmyoblasts were transduced with adenoviruses which express DMPK C or E (or E
kd, data not shown). Myoblast differentiation was initiated 4 hours after start of transduction and imaged every 12 hours for 7 days. Representative phase contrast images of one of
three experiments are shown. In each experiment, cells in two marked areas per dish were followed in time. Scale bar, 100 μm. (B) Ultrastructural analysis revealed that sarcomere
assembly was incomplete in DMPK E-expressing myotubes after 7 days of differentiation. By that time, proper contractile units were present in DMPK C-expressing myotubes. Scale
bar, 1 μm. (C) Quantiﬁcation of myoblast fusion after 1 and 2 days of differentiation by counting the number of nuclei per cell (50 cells counted per DMPK isoform).
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formation of actin deposits andmyosac structures, is probably causedby
DMPK enzymatic activity at the wrong place and the wrong time in the
myoblast cell.
Isoform DMPK E is highly expressed and virtually the sole DMPK
variant in terminally differentiated smooth muscle cells in stomach
and bladder [8,42]. The question why these cells require this high
expression of DMPK E, or whether the activity of DMPK E is regulated
otherwise, cannot be easily answered in the absence of clear
functional clues. All we know is that smooth muscle cells do not
fuse during differentiation and that the architecture of the actomyosinFig. 6. DMPK E expression perturbs early steps in myogenesis. Conﬂuent cultures of DMPK
initiated 4 hours after start of transduction. Lysates were prepared 1 to 7 days after start
myotube-speciﬁc MLC2-variant. Mock-transfected samples were used as reference and DM
able to discriminate between signals from MCK and BCK, we included lysates of whole WT
gastrocnemius (G=MCK control) and DMPK KO myoblast (Mb=mock control). Note the
various time points of myogenesis in both cultures, but induction of MCK expression is de
expression and composition of the sarcomeric MHC population during myogenesis in pre
visualized by CBB staining (arrow heads) [25]. Anti-pyruvate kinase staining (PK) was usedcytoskeleton in these cells differs strongly from the highly organized
and highly ordered, protein-dense, sarcomeric arrangement in
skeletal muscle myotubes [43]. To dig deeper into the relationship
between DMPK protein structure variation and function and the cell-
type-dependent needs for morphodynamic change during develop-
ment and maintenance of physiological capacity, we need better
access to differentiating smooth muscle model systems, which are
currently not easily available.
Stellar stress ﬁber formation in myoblasts induced by DMPK E
activity was paralleled by enhanced MLC2 phosphorylation, speciﬁ-
cally Thr18 Ser19 diphosphorylation. At least a dozen other kinases,KO myoblasts were transduced to express DMPK C or E. Myoblast differentiation was
of differentiation, as indicated, and analyzed by Western blotting. (A) Expression of a
PK isoform expression was conﬁrmed. (B) Differential expression of CK variants. To be
brain (Br=BCK control); whole BCK-KO brain (−/−Br=BCK-negative control) [34];
comparable smiling effect across both CK and PK panels. BCK is equally expressed at
layed in DMPK E-expressing myotubes. (C) Impaired expression of MyoD and altered
sence of DMPK E. MHC isoforms were separated by a special form of SDS-PAGE and
as loading control in all panels.
Fig. 7. DMPK E induces formation of myosacs containing large F-actin aggregates. (A) To visualize the actomyosin cytoskeleton during differentiation, DMPK C- or DMPK E-
expressing KOmyotube cultures were stained with phalloidin–Texas Red. Large F-actin aggregates (red) in myosacs, reminiscent of stellar stress ﬁbers, were ﬁrst observed on day 2
of differentiation in cultures expressing DMPK E. NM-MHC II A (orange) colocalized in these F-actin structures. Nuclei were counterstained with DAPI (blue). Scale bar, 50 μm. (B)
Quantiﬁcation of myosacs including presence/absence of F-actin aggregates in cultures expressing DMPK C or E.
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shown to phosphorylate MLC2 on Thr18, Ser19 or both residues
[30,33]. Besides, MLC2's phosphorylation status is strongly dependent
on the activity of myosin phosphatase (PP1), which counteracts
kinase activity by removing phosphate groups from phosphorylated
Thr18 and Ser19 residues. Myosin phosphatase is inactivated by
phosphorylation of its targeting subunit MYPT1, which is also a
known substrate of DMPK [6 and data not shown, 44] and ROCK [45].
As a result, the net phosphorylation level of MLC2 is determined in a
delicate balance between kinase and phosphatase activities, involving
concerted activities of enzymes like ROCK and MRCK [46], and – as
suggested fromourﬁndings reportedhere– alsoDMPK. CytosolicDMPK
may thus inﬂuence MLC2 phosphorylation directly by phosphorylating
the MLC2 protein itself, or indirectly by activating another kinase or by
inactivating MYPT1 [6], or both. Clearly, further work in distinguishing
between these possible mechanisms is necessary.
Stress ﬁbers are contractile, thick actin ﬁlament bundles which can
be found in motile and non-motile cells [28,29]. In cultured
mammalian cells, they may be classiﬁed as ventral or dorsal stress
ﬁbers or transverse arcs, depending on the subcellular location, spatial
orientation and direction of cell locomotion [28,29]. How the stellar
stress ﬁbers observed in this study ﬁt in this classiﬁcation is not
entirely clear. In fact, not much is known about the formation and
structure of stellar stress ﬁbers and their physiological relevance has
not been studied in detail. What we do know is that stellar stress
ﬁbers contain actin and myosin II and are abnormal structures typical
for cultured cells [28,29,47]. Stellar stress ﬁbers have been observed
by others upon expression of truncated ROCKmutants or inhibition of
MYPT1 [27,48–51] but, interestingly, not upon expression of a
truncated form of citron kinase [52]. As this citron kinase mutant
does not phosphorylate MYPT1 and is therefore unable to inactivate
myosin phosphatase, formation of stellar stress ﬁbers may be related
to a robust increase in diphosphorylation of MLC2. Persistentactivation of MLC2 may thus lead to massive actomyosin contraction,
resulting in the large electron-dense aggregate-like structures
observed by electron microscopy. However, we cannot exclude the
possibility that ectopic phosphorylation of actin-associated proteins,
e.g., ADF/coﬁlin [28,29], tropomyosin [53] or other as yet unidentiﬁed
proteins, has a facilitating or dominant role in the process of stellar
stress ﬁber formation.
Living in a situation where the appearance and role of stellar stress
ﬁbers are still rather poorly understood, how can we explain the
apparent associated effects on myogenesis? Or should we interpret
the inhibitory effect of DMPK E on myoblast–myotube differentiation
in a different context? Skeletal myogenesis follows a tightly regulated
developmental program that directs myoblasts to differentiate into
muscle ﬁbers [54]. In particular, the structure and cytoskeletal
organization of myoblasts are important determinants in myotube
differentiation, myoﬁbrillogenesis and costamerogenesis [55,56]. We
report here that DMPK E expression in myoblasts not only resulted in
reorganization of actin ﬁlaments but also caused a change in cell
shape and cell motility. DMPK E, by ﬁxing the cell in a state with a too
high content of diphosphorylated MLC2, may thus produce an
abnormally rigid cytoskeletal organization, unable to reorganize
rapidly as myoblast move, or as needed to re-orient their position
with respect to fusion partners.
In order to fuse, myoblasts must be able to align, a process involving
the activities of non-muscle myosins IIA and IIB [15]. As DMPK E-
mediated induction of stellar stress ﬁbers also engaged non-muscle
myosin IIA and IIB and probably other still unidentiﬁed proteins, it is
possible that recruitment of one or more of these proteins from their
normal location at the cortical actin wall at the plasma membrane in
aligned cells [57] no longer proceeds normal. As a consequence, cell
orientation for fusion may have become abnormal, resulting in the
occurrence of myosacs at later stages in myogenesis in our cell culture
system. Previous studies showed that formation of these enlarged,
876 S.A.M. Mulders et al. / Biochimica et Biophysica Acta 1813 (2011) 867–877abnormal, multinucleated cells is generally related to a compromised
cytoarchitecture, coupled to impaired sarcomere assembly and retrac-
tion of the growth tip of myotubes [reviewed in [39]].
In summary, our data support the idea that the cytosolic DMPK E
isoform is a potent modulator of actomyosin cytoskeleton dynamics.
We presented evidence that unscheduled cytosolic DMPK activity is
directly linked to excessive MLC2 phosphorylation and to abnormal
regulation of morphodynamic events that control myogenesis via
myoblast–myotube fusion. Our ﬁndings, together with DMPK isoform
proﬁling data, suggest that DMPK E's activity should be tightly
controlled during early steps of skeletal muscle differentiation to
promote normal development. Future study of DMPK's function in the
cytosol of other cell types in which the protein is abundantly
expressed, like smooth muscle cells (e.g., in bladder, stomach,
intestine) and cells of the heart [8] is now warranted. Swapping
strategies, by replacing the entire complement of DMPK isoforms by
one single isoform, as used here, may be beneﬁcial in such studies.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamcr.2011.01.024.
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